g Clostridium difficile is the most commonly identified pathogen among health care-associated infections in the United States. There is a need for accurate and low-cost typing tools that produce comparable data across studies (i.e., portable data) to help characterize isolates during epidemiologic investigations of C. difficile outbreaks and sporadic cases of disease. The most popular C. difficile-typing technique is PCR ribotyping, and we previously developed methods using fluorescent PCR primers and amplicon sizing on a Sanger-style sequencer to generate fluorescent PCR ribotyping data. This technique has been used to characterize tens of thousands of C. difficile isolates from cases of disease. Here, we present validation of a protocol for the cost-effective generation of fluorescent PCR ribotyping data. A key component of this protocol is the ability to accurately identify PCR ribotypes against an online database (http://walklab.rcg.montana.edu) at no cost. We present results from a blinded multicenter study to address data portability across four different laboratories and three different sequencing centers. Our standardized protocol and centralized database for typing of C. difficile pathogens will increase comparability between studies so that important epidemiologic linkages between cases of disease and patterns of emergence can be rapidly identified.
C lostridium difficile infection (CDI) has emerged as the most frequently encountered nosocomial infection in the United
States (1) . The clinical manifestations of CDI range from acute, self-limiting diarrhea to fulminant and sometimes fatal colitis (2) . Over the past decade, there has been a doubling of CDI-related discharge diagnoses and a 10-fold increase in CDI-attributable mortality in the United States (3) . Because of its clinical importance, a number of C. difficile-typing techniques, including pulsed-field gel electrophoresis (PFGE), restriction endonuclease analysis (REA) typing, and PCR ribotyping, have been implemented to differentiate between C. difficile strains and address important epidemiologic questions.
PCR ribotyping is the most commonly cited method for typing C. difficile isolates. This technique quantifies the differences in length between 16S rRNA and 23S rRNA encoding genes at approximately 11 rRNA-encoding operons around the C. difficile genome (4) . Like other popular typing techniques (REA and PFGE), PCR ribotyping is gel based, and the data are not easily portable between laboratories. Sequence-based methods, like multilocus sequence type (MLST) and genome sequencing, provide highly portable data but are expensive in comparison to gelbased methods. A significant improvement on traditional PCR ribotyping came with the use of a fluorescently labeled PCR primer and sizing of the resulting amplicons using a Sanger-style sequencer (i.e., fluorescent PCR ribotyping) (5) . We developed a similar approach and have applied the method to C. difficile isolates from cases of disease and those that circulate in the community (6) (7) (8) (9) (10) (11) .
Fluorescent PCR ribotyping data are digital and, in theory, should be portable between laboratories if a common protocol and a common data source (i.e., database) are used for identification. The goals of this study were to minimize the costs associated with fluorescent PCR ribotyping and to test whether our protocol and database produced portable data across sequencing centers and laboratories. To help minimize costs, we compared data generated using reagents that vary in cost. For sequencing center comparisons, we analyzed the same fluorescent PCR amplicons at three different sequencing centers. We then conducted a blinded, multicenter study in which the collaborating labs were sent the same template DNA from representative C. difficile isolates and were asked to generate data using a standardized protocol. All data were analyzed using a free, online analysis tool. Collectively, our results suggest that the protocol produces highly portable data and identifies C. difficile ribotypes with high accuracy and precision across different labs and sequencing centers. Trends in the data suggest that user (human) error played a significant role, and ways to minimize this error are discussed.
MATERIALS AND METHODS
Isolate cultivation and DNA extraction. A list of isolates, including the source of each isolate used in this study, is provided in Table S1 in the supplemental material. The cultivation of C. difficile isolates was performed in a vinyl anaerobic chamber (Coy Laboratories Products, Inc., Grass Lake, MI, USA). The isolates were grown overnight under anaerobic conditions (85% nitrogen, 10% hydrogen, 5% carbon dioxide) at 37°C in prereduced brain heart infusion broth with 5 g/liter yeast extract and 0.1% L-cysteine, as recommended (12) . The genomic DNA was extracted using the Easy-DNA kit (K1800-01; Thermo Fisher Scientific, Inc.), quantified using a NanoDrop 1000 (NanoDrop Technologies, Houston, TX, USA), and diluted to a concentration of 100 ng/l using sterile DNase/RNase free water.
Fluorescent PCR ribotyping. A list of the recommended equipment for successful PCR ribotyping is provided in Table S2 in the supplemental material. Each PCR was carried out in 25-l total volumes, and a master mix was used for all reactions. Individual reagents were as follows: 12.5 l master mix (AmpliTaq Gold 360 master mix, 4398881, Thermo Fisher Scientific, Inc.; GoTaq Hot Start Colorless master mix, M5132, Promega, Inc.; PCR master mix, M7502, Promega, Inc.), 0.5 l forward primer (GTGCGGCTGGATCACCTCCT) (4), 0.5 l 6-carboxyfluorescein (FAM)-labeled reverse primer (56-FAM/CCCTGCACCCTTAATAACTT GACC) (10), 10.5 l DNase/RNase free water, and 100 ng (1 l) template DNA. Conditions for all PCRs were as previously reported (10) . Because fluorescent PCR amplicons are sensitive to light and multiple freeze/thaw events, the PCRs were covered (with foil) and frozen (Ϫ20°C) a single time. For the fragment analysis, samples were thawed and diluted 1:1,000 in sterile DNase/RNase free water. A 12-l mixture of ROX 1000 size standard (BioVentures, Inc.) and Hi-Di Formamide (4311320; Thermo Fisher Scientific, Inc.) in a ratio of 1:240 was added to 5 l of diluted, fluorescent PCR amplicons in barcoded, semiskirted 96-well plates (GeneMate, T-3107-1; BioExpress, Inc.). For example, 5 l of size standard was mixed with 1.2 ml of formamide, and 12 l was aliquoted into wells containing 5 l fluorescent amplicons. Plates were sealed with caps (83009-684; VWR International), centrifuged at a low speed to ensure that the liquid was at the bottom of each well, and shipped with an ice pack to sequencing centers.
Analysis pipeline. An online analysis tool was generated using the Python computer program and is available for use at http://walklab.rcg .montana.edu. Peaks in the chromatogram files (.fsa file format) were identified using the freely available Peak Scanner software version 1.0 (Applied Biosystems, Inc.). A text file containing the peak size (in base pairs) and area was exported from Peak Scanner and uploaded for analysis at the website named above. Peaks were normalized as a percentage of the total peak area, as previously published (10) . The presence/absence of peaks contained in 5-bp bins (between 200 bp and 1,000 bp in size) and their relative abundance (normalized peak areas) were compared to profiles in a curated database using a Bray-Curtis dissimilarity (BCD) metric. BCDs range between 0 and 1, where 0 is assigned to identical matches and 1 is assigned to completely different peak profiles. The online analysis tool returns a list of lowest BCD matches, and a threshold of 0.2 (see the Results section) was generally found to differentiate matches (Ͻ0.2) from mismatches (Ͼ0.2).
Statistical analyses. A three-way analysis of variance (ANOVA) was used to compare Bray-Curtis dissimilarities based on a complete block design of Taq (AmpliTaq Gold, Promega GoTaq, and standard Promega), primer purification (HPLC and standard desalting), and ribotype (F001, F012, and F003). The analysis of variance [aov()] function in the R statistical software package (version 3.0.0) (13) was used for main effects with Tukey's honestly significant different (HSD) for post hoc comparisons. Two separate two-way ANOVAs were used to compare Bray-Curtis dissimilarities between different sequencing centers and ribotypes and between different laboratories and ribotypes using GraphPad Prism version 6.00 (GraphPad Software, Inc.). Tukey's correction was used to adjust P values for multiple comparisons.
RESULTS

F ribotype database.
Previously published fluorescent PCR ribotyping data from clinical cases of disease were assembled as .fsa (chromatogram) files. Data were generated using a single ABI3730xl sequencer at the University of Michigan DNA sequencing core facility, and all chromatograms were visually inspected to ensure identical peak profiles (i.e., presence/absence of peaks). A total of 113 distinct ribotypes were identified and assigned an alpha-numeric code beginning with the letter F. This code is meant to differentiate fluorescent PCR ribotypes from previously reported PCR ribotypes generated by traditional gel-electrophoresis methods. Twelve F ribotypes in the database correspond to previously reported ribotypes based on the analysis of reference strains obtained from collaborators, so these ribotype numbers were maintained for comparability to historic data (e.g., F027 indicates ribotype 027). The remaining ribotypes were assigned the prefix FP to distinguish proposed F ribotyping numbers. As more data are generated on historic and/or reference isolates, the FP ribotype designations can be easily changed to F ribotypes according to their previously assigned numbers. In total, our database included 1,038 .fsa files representing 113 distinct F ribotypes (12 F and 101 FP ribotypes).
Influence of PCR reagents on F ribotype identification and database matching. The costs involved in fluorescent PCR ribotyping can be divided into three parts: PCR reagents, standard reagents/supplies, and fragment analysis (Table 1) . Of these, PCR reagents have the potential for significant cost savings, whereas there are few, if any, alternatives for standard reagents/supplies or fragment analysis. We therefore investigated whether data generated using low-cost PCR reagents were comparable to data generated using more expensive PCR reagents. We generated data on three C. difficile isolates representing three different F ribotypes (F001, F012, and F003) using three Taq polymerases associated with high (AmpliTaq Gold), medium (Promega GoTaq), and low (standard Promega) cost and using PCR primers that were purified using either HPLC (high cost) or standard desalting (low cost). We then determined whether the expected F ribotypes were identified and how well the data matched to the F ribotyping database using the Bray-Curtis dissimilarity (BCD) metric.
In all cases, regardless of the Taq used or how the PCR primers were purified, the expected F ribotypes were identified. Also, no significant differences were detected in BCDs between data generated using HPLC and standard desalting purification of primers (P ϭ 0.799), regardless of the Taq polymerase used or ribotype considered. However, the cheapest Taq tested (Promega Taq master mix) produced significantly lower BCDs than either of the other Taqs for all three F ribotypes (P Ͻ 0.0001 for all comparisons, Fig. 1 ). Because standard desalting of primers did not affect BCDs and because the Promega Taq master mix produced significantly better matches to the database (i.e., lower BCDs), these reagents were used to compare data generated at multiple sequencing facilities and across multiple laboratories.
Data portability across different sequencing centers. To evaluate the comparability of fluorescent PCR ribotyping data generated at different sequencing centers, we prepared DNA from 19 C. difficile isolates representing 12 different F ribotypes and aliquoted this DNA into quadruplicate wells of a 96-well plate, along with sterile water as negative controls so that all wells of the plate were used (i.e., [19 isolates ϫ 4] ϩ 20 water). Fluorescent PCR ribotyp-ing amplicons were generated, and the same amplicons were submitted to three different sequencing centers for capillary electrophoresis (CE) fragment analysis on an ABI3730xl Sanger-style sequencer.
As with the PCR reagent analysis above, only the expected F ribotypes were identified, regardless of the sequencing center. Data were missing in two wells analyzed from center 1 (2 of 76, 2.6%) and in three wells from center 3 (3 of 76, 3.9%). No signal was detected in wells containing water (negative control). Significant differences in BCDs were detected between the different sequencing centers (P Ͻ 0.0001, Fig. 2 ). BCDs from center 2 were significantly greater than (P Ͻ 0.05) BCDs from both of the other two centers for 4 of the 12 F ribotypes. In contrast, BCDs at centers 1 and 2 were indistinguishable (P Ն 0.05) for 11 of 12 F ribotypes.
With few exceptions, BCDs at centers 1 and 2 were below 0.2 ( Fig.  2, dotted line) .
Data portability across different laboratories and sequencing centers. To evaluate the data comparability across the different laboratories and sequencing centers, we prepared DNA from a total of 45 C. difficile isolates representing 18 different F ribotypes and aliquoted the DNA into duplicate wells of a 96-well plate. Sterile water was placed into six wells as negative controls so that all wells were used (i.e., [45 isolates ϫ 2] ϩ 6 water). Four replicate 96-well plates were then made from the primary sample plate using a multichannel pipette. Three of these replicate plates were sent to different laboratories for generation of fluorescent PCR amplicons, and one plate was analyzed in-house for the comparison (Fig. 3) . Sites 1, 2, and 3 submitted amplicons to a single sequencing center (center 1; Fig. 1 ), and site 4 submitted amplicons to a different sequencing center (center 3) for fragment analysis.
A total of 384 (i.e., 96 ϫ 4) data points were available from this design. A fluorescent signal was detected above the background noise in 3 of the 24 (12.5%) negative-control samples, i.e., in two samples at site 2 and in one sample at site 3, suggesting that crosscontamination may have occurred. No fluorescent signal was detected in negative-control wells at sites 1 and 4. Only 2 (0.5%) negative PCRs were observed among the 360 wells that were expected to have a fluorescent signal, and both incidents occurred at site 2. Also, only 2 (0.5%) instances of possible contamination were observed (i.e., a different PCR ribotype than expected was identified), and both of these incidents occurred at site 2. Overall, a deviation from the expected result was observed in only 7 of the 384 (1.8%) data points, and 6 of these 7 events occurred in data generated by a single laboratory.
Of the 18 F ribotypes analyzed, 12 were represented by at least two different isolates and could be used to statistically test for differences in BCDs across sites. Significant differences were detected between sites (P Ͻ 0.0001), and BCDs from at least one site significantly differed (P Ͻ 0.05) from the other three for 9 of the 12 F ribotypes analyzed (Fig. 3) . Site 3 produced the lowest mean BCDs for 6 of the 12 F ribotypes, but no other site-specific patterns were easily discernible. No significant differences were observed in BCDs produced by site 4 (sequencing center 3) and those produced by sites 1 to 3 (sequencing center 1) for any of the 12 F ribotypes. As for the results of the sequencing center comparison, nearly all BCDs were below 0.2 ( Fig. 3 , dotted line).
DISCUSSION
PCR ribotyping has been used to genotype C. difficile isolates for nearly 2 decades (14), and it remains the most commonly used genotyping technique for C. difficile pathogens. In 2008, Indra et al. published a method for fluorescent PCR ribotyping using capillary gel electrophoresis (i.e., fragment analysis on a Sanger-style sequencer) and pointed out that the technique decreased the required hands-on time and had the potential to overcome problems associated with interlaboratory comparisons using traditional (gel-based) PCR ribotyping data (5). Since this initial report, little progress has been made in comparing fluorescent PCR ribotyping data across sequencing centers or developing a standardized protocol across laboratories. Using methods similar to but distinct from those of Indra et al., we previously generated fluorescent PCR ribotyping data on C. difficile isolates from a variety of clinical and community settings (6) (7) (8) (9) (10) (11) . These data have been curated and compiled into an online database for the scientific community (http://walklab.rcg .montana.edu). Users can download step-by-step instructions for generating comparable data and can identify F ribotypes that are in the database. Users are also encouraged to submit isolates and/or data files so that the database is more representative of the C. difficile isolate diversity in circulation. A number of other techniques and protocols have been developed for genotyping C. difficile isolates (15) , and these data can be easily incorporated into the online database as they become available (e.g., North American pulsed field types, restriction endonuclease types, and multilocus sequence types).
To maintain a high-quality database, a single person (S.T.W.) is responsible for adding data to and curating the database described in this study. If users believe they have discovered a ribotype not already in the database, it is recommended that a stock of the isolate be sent to the curator for verification (at no cost to the user). In lieu of an actual isolate, only high-quality chromatograms represented by at least two documented, independent PCRs and fragment analyses will be considered for incorporation. Such F ribotypes (i.e., those not verified by the curator) will be labeled with an asterisk and reported as such so that all users can easily recognize them. Metadata (data other than F ribotype chromatograms) can be linked to isolates by contacting the curator using the contact form on the website (http://walklab.rcg.montana.edu /contacts.html). A data form is available containing various fields (e.g., data of isolation, location, previous typing methods). All data, including metadata associated with isolates, will be made publicly available.
The comparison of different PCR reagents described above identified a decreased overall cost of fluorescent PCR ribotyping to $1.32 per isolate. This price includes the listed cost of reagents, which may be further reduced by ordering reagents in bulk and The real advantage of low-cost fluorescent PCR ribotyping, however, is simply to limit the use of more discriminant but higher-cost techniques. For example, multiple-locus variable number tandem repeat analysis (MLVA) and genome sequencing are more discriminant (i.e., resolve more recent evolutionary changes) than fluorescent PCR ribotyping and can be used to investigate nosocomial CDI outbreaks. MLVA (16) and the recent modified version (17) are similar to PCR ribotyping but involve more PCRs that increase the reagent cost. A recent comparison of MLVA and genome sequencing reported the reagent costs were $42 and $65, respectively, per isolate (18) . It should be noted that these prices do not include the cost of analysis, which represents a significant investment in bioinformatics and computer software for some laboratories. We suggest that fluorescent PCR ribotyping can be used first to narrow down the number of isolates requiring more discriminant characterization. This cost savings will allow for more detailed epidemiologic investigations, because more isolates can be considered.
The emergence of CDI as the most common nosocomial infection in the United States underlies the need for active C. difficile surveillance by clinical laboratories and infection control authorities. There is an urgent need to understand the patterns of C. difficile emergence across different clinical centers, including the patterns of antimicrobial resistance (19, 20) . For these types of analyses, genotyping techniques that produce easily comparable data are essential. The fluorescent PCR ribotyping protocol tested here provides the technical standardization for the comparison of data across four laboratories and three sequencing centers. However, some of the observed results were likely due to human error, as nearly all of the unexpected results in the multicenter study (6 of 7) were produced at a single laboratory. Similarly, we were able to detect center-specific sequencing differences in how well the data matched to the database (i.e., differences in BCDs), although these differences were not great enough to confound correct identification. Collectively, these observations suggest that there is a learning curve for using the protocol and that the inclusion of data from multiple sequencing centers into the database will increase the quality of F ribotype matching.
Manual inspection of fragment analysis chromatograms (.fsa files) may still be required in some situations. For example, nearly all BCDs for data across two of the sequencing centers and across all four laboratories were below 0.2. Since a match is defined in our analysis as the smallest BCD, it was somewhat safe to assume that any mismatches will have greater BCDs. Therefore, this value (0.2) seems appropriate for differentiating between high-and lowquality matches and/or potential mismatches. We suggest that chromatograms from matches producing BCDs that are Ն0.2 should be visually compared to reference chromatograms (also available at the database website named above).
In summary, the fluorescent PCR ribotyping protocol used in this study can be done at a low per-sample cost. The data can be analyzed online, and the F ribotypes can be identified free of charge. Data from previously named and newly identified C. difficile genotypes can be easily added to the database for broader comparisons between laboratories and different studies. Finally, we recommend the use of this technique during epidemiologic investigations to maximize the number of isolates considered while minimizing costs associated with more discriminant techniques, such as MLVA or genome sequencing.
